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there was also an independent relationship between age and common carotid artery intima-media thickness, between smoking status and plaque status, and between a positive history of manifest clinical cardiovascular disease and plaque status. In conclusion, common carotid artery intima-media thickness and lumen diameter were increased in elderly highrisk hypertensive patients, in whom more than one third of the patients also had a moderate to large plaque in the carotid artery region. Moderate to large plaques showed a relatively strong relationship to manifest clinical cardiovascular disease and might thus be interpreted as an indicator of clinically more serious disease than an increase in common carotid artery intima-media thickness. Further studies are needed to investigate the value of common carotid artery intima-media thickness as a marker of carotid atherosclerosis and as a surrogate variable for coronary atherosclerosis. (Arterioscler Thromb.
1994;14:1297-1304.)
Key Words • intima-media thickness • lumen diameter • plaque • pulse pressure • cardiovascular disease artery relate not only to atherosclerotic disease in this arterial region but also to coronary atherosclerosis and myocardial infarction. 1518 However, the degree to which sonographically assessed morphology of the carotid artery also reflects coronary atherosclerosis, the primary target for interventional programs, has to be further investigated.
We performed high-resolution B-mode ultrasound imaging of the carotid artery in a representative group of hypertensive patients at high risk for coronary heart disease. The patients were compared with an agematched representative healthy control group without clinical signs of cardiovascular disease or diabetes. The main aim was to test the hypothesis that in comparison with the control group, hypertensive men at high risk of coronary heart disease had larger far-wall intima-media thickness in the common carotid artery and that this variable was related to atherosclerotic disease in the carotid arteries and also to signs or symptoms of clinically manifest cardiovascular and coronary heart disease. factor modification program. 19 These men are representative of high-risk hypertensive patients in Gothenburg, since the majority (>90%) were recruited earlier by screening a random third of all men in their respective age groups in Gothenburg. 20 From this group of 508 men, one third of the patients were randomly selected to take part in an ultrasound study of the carotid artery region. Of 169 patients randomized to the ultrasound study, 164 patients agreed to take part, and in 137 men, good-quality ultrasound recordings were achieved, enabling both measurement of far-wall intima-media thickness in the common carotid artery and visual scoring of plaques in the carotid bulb and in approximately 10 mm of the external and internal carotid arteries (see below). The reason for the relatively large dropout (n=27) was that, to be included, good images must have been recorded both from the internal and external carotid arteries and from the common carotid artery. This was because one of the main aims of the study was to relate intima-media thickness in the common carotid artery to the occurrence and size of plaques in other parts of the carotid artery region (see below). Mean weight was somewhat higher in the 27 patients for whom ultrasound data were missing (87.2 versus 82.2 kg); otherwise, anthropometric data, blood pressure, and other clinical findings (data not shown) were very similar to those in the 137 men included in the present analysis.
All patients had long-standing treated primary hypertension diagnosed according to previously reported criteria and examination routines. 20 The inclusion criteria were primary hypertension, male sex, age 50 to 72 years, and one or more of following: serum cholesterol level >6.5 mmol/L, tobacco smoking corresponding to one cigarette or more per day, or diabetes mellitus defined according to World Health Organization criteria. 21 The exclusion criteria were unwillingness to participate, malignancy, or other serious chronic disease that might interfere with compliance or the interpretation of results.
For the present report, a representative healthy control group (n=43) was created from our database of control subjects with the following inclusion criteria: (1) male sex, (2) age to match the hypertension group, (3) no treatment for hypertension, and (4) negative history for cardiovascular disease and no diabetes mellitus. All subjects in the control group had been invited after screening of population-based samples from the County Census Bureau in Gothenburg. The exclusion criteria were the same as for the patient group. In 37 men, good-quality ultrasound recordings as described above became available.
All patients and control subjects gave informed consent after they received written and oral information, and the study was approved by the Ethics Committee of Goteborg University. At entry, history of prior or present cardiovascular disease or of diabetes mellitus was documented. 19 
Blood Pressure
Resting blood pressure was measured phonographically (Korotkoff sounds recorded on electrocardiogram [ECG] paper) in the right arm after supine rest in connection with the ultrasound examination as described earlier. 22 Blood pressure was calculated to the nearest 1 mm Hg and was the mean of two recordings. In addition, casual blood pressure was measured in the hypertension group at the Hypertension Unit after 5 minutes of recumbent rest with conventional auscultatory technique, and the mean of two measurements was used.
Cardiovascular and Coronary Heart Disease
A 12-lead resting ECG was coded according to the revised Minnesota code. 23 Manifest cardiovascular disease was defined as described in detail 24 as either a history of cardiovascular disease (stroke, transient ischemic attack, reversible ischemic neurological deficit, myocardial infarction, coronary bypass, angina pectoris, intermittent claudication) or a major ECG finding according to the Minnesota code: definite Q or QS item (1:1 or 1:2), definite ST-or T-wave item (4:1 or 2, 5:1 or 2), left bundle branch block (7:1), or broadened QRS complex >0.12 second (7:4). The group with coronary heart disease was differentiated from the group with cardiovascular disease by deletion of subjects with only a history of cerebrovascular disease or intermittent claudication. Analyses were also performed after patients with only an ST-or T-wave item (4:1 or 2, 5:1 or 2) or conduction defects (7:1 or 7:4) were omitted.
Biochemical Analysis: Blood Lipids
Blood samples for total serum cholesterol, serum triglycerides, and lipoprotein fractions were drawn after a fasting period of 10 to 12 hours. Cholesterol and triglyceride levels were determined by fully enzymatic techniques. 25 ' 26 Highdensity lipoprotein cholesterol was determined after precipitation of apolipoprotein B-containing lipoproteins with manganese chloride and heparin. 27 Low-density lipoprotein cholesterol was calculated as described by Friedewald et al.
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Ultrasonography
Examination Procedure
Subjects were examined in a supine position with an ultrasound scanner (Acuson 128) equipped with a linear 5-or 7-MHz transducer, as described in detail. 9 ' 29 The distal part of the right common carotid artery was scanned by modifying the ultrasound beam to pass perpendicular to the vessel wall to achieve the typical two-line image of the vessel wall structures from both the anterior and posterior walls. At the position of the thickest part of the far-wall intima-media complex, three images were captured by ECG triggering 91129 and recorded on videotape.
Measurement of Intima-Media Thickness and Lumen Diameter in the Common Carotid Artery
The videorecorded "frozen" images were analyzed off-line by a computerized analyzing system along a 10-mm-long section of the common carotid artery. 8 ' 11 ' 29 Intima-media thickness was defined as the distance from the leading edge of the lumen-intima interface of the far wall to the leading edge of the media-adventitia interface of the far wall and lumen diameter by the distance between the leading edges of the intima-lumen interface of the near wall and the lumen-intima interface of the far wall, and the mean of three images was calculated. An estimate of the mean cross-sectional area of the intima-media complex was calculated as the difference between the total area inside the adventitia and the lumen area: 7r(LD meal ,/2+IMT mean ) 2 -77<LD r , ean /2) 2 , where LD raean is the mean lumen diameter and IMT mean is the mean intima-media thickness. Interobserver variability studied in our laboratory with repeated recordings by two independent observers has shown a coefficient of variation for mean wall thickness of 10.2%, for maximum wall thickness of 8.9%, and for mean cross-sectional intima-media area of 11.5%. For mean and minimum lumen diameters, the coefficients of variation were 2.8% and 3%, respectively.
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Plaques in the Carotid Artery
Scanning procedure. With the aim of identifying and recording the occurrence of atherosclerotic plaque, the carotid artery was scanned from the distal part of the common carotid artery to approximately 10 mm up into the external and internal carotid arteries.
Assessment of plaque occurrence.
A semiquantitative subjective scale (visual scoring) was used to grade the size of plaques in the four locations in the carotid artery region: external and internal carotid artery, carotid bulb, and distal part of the common carotid artery. This analysis included plaques in the near and far walls of the vessel. A plaque was defined as a distinct area with an intima-media thickness >50% thicker than neighboring sites judged visually. 9 -30 They were graded as grade 0, no plaque; grade 1, one or more small plaques (each less than approximately 10 mm 2 ); grade 2, moderate-size plaques (the differentiation between grades 1 and 2 was made subjectively in most cases, and quantitative measurement of the area was made in the computerized analyzing system 4 only when the size of the plaque was not obvious to the observer); and grade 3, large plaques that cause a change in blood flow defined by the pulsed-Doppler curve: peak systolic velocity >1.2 m/s at <60° Doppler angle.
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One of the main aims of this study was to analyze whether patients with plaques in the carotid artery region also had a thicker intima-media complex in the common carotid artery. If a plaque was present in the common carotid artery, the subject was excluded from this analysis (n=3).
Statistical Analysis
Statistics (with the exception of the nonparametric method of multivariate technique, see below) were analyzed with SPSS FOR WINDOWS 6.0.
Student's t test was used to compare group means, and 95% confidence intervals for differences between groups were also calculated. Formal statistical testing was not done for baseline variables given in Table 1 
Results
Anthropometric data, blood pressure, heart rate, serum lipids, lipoproteins, and smoking habits for the two study groups are given in Table 1 . Blood pressure and heart rate in the hypertension group recorded at the Hypertension Unit were somewhat higher than those recorded in the noninvasive laboratory at the Wallenberg Laboratory (given in Table 1 ); at the Hypertension Unit, systolic blood pressure was 155 ±19 mm Hg (mean±SD), diastolic blood pressure 91±8 mm Hg, and heart rate 65±13 beats per minute.
Cardiovascular and Coronary Heart Disease and Diabetes Mellitus
In the hypertension group, 41.6% had signs or symptoms of cardiovascular disease and 32.1%, of coronary heart disease. If patients with only an ST-or T-wave item (4:1 or 2, 5:1 or 2) or a conduction defect (7:1, 7:4) in the ECG were excluded, the figures were 32.8% BMI indicates body mass index; SBP and DBP, systolic and diastolic blood pressures; HR, heart rate; bpm, beats per minute; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CVD, cardiovascular disease; and CHD, coronary heart disease. Formal statistical comparison of the two groups has not been done for baseline variables since selection criteria implied that the group by definition could differ in several of these variables. Values are mean±SD.
*At Wallenberg Laboratory.
and 22.6%, respectively. Diabetes mellitus was diagnosed in 21.9% (Table 1) .
Intima-Media Thickness and Lumen Diameter
Mean and maximum far-wall intima-media thicknesses of the common carotid artery were significantly larger in the hypertension group than in the control group (see Table 2 for group differences and 95% confidence intervals).
Mean and minimum lumen diameters and mean cross-sectional area of the intima-media complex were significantly larger in the hypertensive group (Table 2) . There was no significant relationship between mean intima-media thickness and mean lumen diameter in the hypertension group or the control group (/•= -.04 and r=.O2, respectively) or between maximum intimamedia thickness and minimum lumen diameter (r=.0l and r = -. 0 1 , respectively).
Intima-Media Thickness and Cardiovascular and Coronary Heart Disease
The hypertension group was subdivided into two subgroups, one with clinical signs or symptoms of manifest cardiovascular disease (n=57) and one without (n=80) ( Table 3 ). There was no significant difference in age between the two subgroups with (mean age, 66.7 years) and without (mean age, 66.0 years) cardiovascular disease. Both subgroups had significantly larger mean cross-sectional intima-media area than the control group (Table 2 ). There was no significant difference, however, in intima-media thickness or in mean cross-sectional intima-media area between the two subgroups (Table 3 ). Mean lumen diameter was larger in those with than in those without signs or symptoms of cardiovascular disease.
Intima-Media Thickness in Relation to Some Cardiovascular Risk Factors
In the two groups combined (n = 174), univariate analysis revealed a significant relationship between age and both maximum (r=.23, P<.0l) and mean (r=.24, P<.Q1) intima-media thicknesses, between systolic blood pressure and intima-media thickness (r=.15 and r=.ll, respectively, P<.05), and between pulse pressure and intima-media thickness (r=.21 and r=.24, respectively, P<.0l, Table 4 ). In multivariate analysis, age and pulse pressure were both significantly and independently related to maximum intima-media thickness.
Occurrence of Plaques
There was a significant difference in the distribution of plaque status (no, small, moderate, and large) between the hypertension group and the control group (P<.01, Fig 1) . Because of the low number of patients with large plaques causing flow disturbances (n=4), Table 2 ). these have been grouped together with moderate-size plaques. There was a higher proportion of moderate to large plaques in the hypertension group than in the control group (38.7% versus 13.5%, P<.Ql; 95% confidence interval for difference, 11.5% to 38.9%).
Occurrence of Plaques in Relation to Intima-Media Thickness, Lumen Diameter, Cross-sectional Intima-Media Area, and Some Cardiovascular Risk Factors
In the two groups combined, trend analysis showed a significant positive relationship between intima-media thickness and plaque status (P<.01 for mean and P<.QQl for maximum, Fig 2) , between mean lumen diameter and plaque status (Z'<.001), and between mean cross-sectional intima-media area and plaque status (P<.001). There was a significant negative relationship between diastolic blood pressure and plaque status (P<.05, Table 5 ) and a significant positive relationship between pulse pressure and plaque status (P<.01). There was also a significant relationship between smoking habits and plaque status (P<.00l) and between signs or symptoms of cardiovascular disease (and coronary heart disease) and plaque status (P<.00\ and P<.05, respectively; the exclusion of patients with only an ST-or T-wave item, 4:1 or 2, 5:1 or 2, or a conduction defect, 7:1, 7:4, in the ECG did not change the outcome of this analysis). In multivariate analysis, pulse pressure, smoking, and signs or symptoms of manifest clinical cardiovascular disease were all three significantly and independently related to plaque status.
Discussion
The results of this study showed that far-wall intimamedia thickness of the common carotid artery was larger in a representative group of high-risk hyperten- Plot showing maximum intima-media thickness in the far-wall common carotid artery in relation to plaque status in the other parts of the carotid artery in the two study groups (see Table 4 for mean values). Although the trend is calculated for all subjects taken together, results for the control (solid circles) and the hypertension group (open circles) are presented separately, allowing comparison of individual data.
sive patients than in a representative healthy control group. The lumen was also larger in the hypertension group than in the control group. More and larger plaques were also found in the hypertension group. Thus, the ultrasound technique seems to be able to discriminate a high-risk group from a control group; to evaluate this was one of the aims in the design of the present study. Within the hypertensive group there was no difference in intima-media thickness between the subgroup with and the subgroup without signs or symptoms of clinical cardiovascular disease. This result was somewhat unexpected. However, the study was relatively small, which limits the possibility of detecting differences between the subgroups compared. Furthermore, all were elderly male high-risk hypertensive patients, and silent atherosclerosis is therefore probably also present at a high rate in the group without clinically manifest cardiovascular or coronary heart disease. Manifestations of cardiovascular disease are not related solely to the magnitude of the atherosclerotic wall changes but also to other factors such as thrombogenesis and fibrinolysis. Thus, there may be several explanations as to why no difference was observed in intimamedia thickness between the subgroup with and the subgroup without clinical signs of cardiovascular or coronary heart disease.
A main aim of the present study was to investigate the relationship between the intima-media thickness of the common carotid artery and the occurrence of plaques in the other parts of the carotid artery region. This relationship is important to analyze because common carotid artery intima-media thickness is increasingly used as a surrogate variable for atherosclerosis. 4 A clear relationship was found. This may be interpreted as an indication that an increase in intima-media thickness in the common carotid artery is at least partly an expression of atherosclerotic disease.
The data indicated a more clear relationship between some risk factors (smoking and cardiovascular disease) and plaque status than between such risk factors and far-wall common carotid artery intima-media thickness (see Tables 4 and 5 ). However, it must be borne in mind that the multivariate analyses performed had several weaknesses. One problem is limited numbers; also, because of selection criteria, if one risk factor was not present, eg, a high cholesterol level, another, eg, smoking or diabetes mellitus, was at hand, which limits the possibility of studying the relationship between cardiovascular risk factors and the ultrasound findings. In any case, plaque occurrence, especially moderate to large plaques in the carotid region, showed a relatively strong relationship to manifest clinical cardiovascular disease and might thus be interpreted as an indicator of clinically more serious disease. The finding that smoking was a risk factor for plaque status in the carotid artery region is in line with the results of several other studies. 37 -39 In multivariate analyses, pulse pressure was significantly and independently related to both common carotid artery intima-media thickness and to plaque status in the carotid artery region. In the univariate analyses, a low diastolic blood pressure and high pulse pressure were both significantly related to the occurrence of moderate to large plaques. These results are in line with those recently published by several other groups 383941 and may shed new light on the controversy around the J-shaped curve. 4142 Observations from several groups have given rise to the idea that progression of atherosclerosis may sometimes be accompanied by a secondary decrease in diastolic blood pressure, contrasting with the idea that low diastolic blood pressure also may precipitate the occurrence of atherosclerotic events.
-
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A tentative theory is that an increase in systolic blood pressure caused by stiffer arteries must lead to a decrease in diastolic blood pressure, provided that mean arterial blood pressure is unchanged. Although it is tempting to speculate that an increase in pulse pressure also may promote atherosclerosis, it is not possible to evaluate any causal relationship based on data in the present study or from data published from other groups.
-41
Many high-risk hypertensive patients had an intimamedia thickness that did not differ from the values recorded in most of the control subjects; this was true also for many of those hypertensive patients who already had manifest clinical coronary heart disease. The sensitivity of common carotid intima-media thickness in identifying individual patients at high risk for coronary heart disease in the present study was accordingly relatively low. However, all patients had received longterm antihypertensive treatment that may have beneficially influenced vessel wall morphology, thereby confounding the relationship between intima-media thickness and manifest disease.
Three control subjects had a relatively large intimamedia thickness. We could not identify any possible explanation for this. One of these three subjects was a smoker, but none had high serum cholesterol levels (4.56,5.31, and 6.00 mmol/L, respectively). Again, silent atherosclerotic disease may be one explanation. However, intimal thickening is not necessarily atherosclerosis and is not necessarily a precursor of atherosclerosis. 412 - 43 Therefore, an increased intima-media thickness recorded with ultrasound or any other technique cannot, a priori, be judged as an indication of atherosclerotic disease.
Lumen diameter in the common carotid artery was increased in the hypertensive group compared with the control group. This is in accordance with a number of previous reports of dilation of large conduit arteries in hypertension. 4449 The mechanism behind the increase in lumen diameter may be the fatiguing effects of elevated blood pressure and cyclic stress, resulting in degenerative changes in the vessel wall in susceptible individuals, 50 but compensatory dilatation due to the atherosclerotic process may also play a role, as suggested by Glagov et al. 43 We calculated mean cross-sectional area of the intima-media complex. This variable takes into account both intima-media thickness and lumen diameter and may possibly better discriminate between those with and those without atherosclerotic disease. Furthermore, this variable may be valuable in prospective studies in compensating for changes in intima-media thickness that are explained by changes in lumen diameter.
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The value of this variable must be assessed in future studies.
There is a long latent period (often many decades) until atherosclerotic disease manifests itself in a decreased lumen diameter, which is also clear from the present study. To monitor the early stages of the disease, therefore, methods with the capability of measuring both wall thickness and lumen diameter must be applied. The ultrasound technique seems to be able to give important information on intima-media thickness, lumen diameter, cross-sectional intima-media area, and the occurrence of plaque in superficial large arteries. The hypertension group will be prospectively followed with ultrasound investigation of intima-media thickness and lumen diameter in the carotid artery to investigate the possible beneficial influence of a multiple risk factor intervention program. 19 
